Diabetes during pregnancy is associated with increased risk of obesity, metabolic syndrome, and type 2 diabetes (T2D) in offspring, as shown in several epidemiological and observational studies and further supported in animal models (1) (2) (3) (4) (5) (6) (7) . However, the molecular mechanisms linking fetal exposure to intrauterine hyperglycemia and later dysmetabolic traits remain unknown. Epigenetics defines the concept of heritable changes in gene function that occur without accompanying changes in nucleotide sequence and may represent a key mechanism behind intrauterine programming of the later phenotype (8-12).
Peroxisome proliferator-activated receptor-g coactivator1a (gene: PPARGC1A; protein: PGC-1a) is a potent, multifunctional transcriptional coactivator that regulates genes involved in pathways controlling glucose homeostasis (13) . PPARGC1A influences key cellular functions such as mitochondrial biogenesis, microvascular flow, and oxidative phosphorylation, and may play a role in the pathogenesis of T2D by affecting main traits such as insulin function (13) (14) (15) (16) . There are data to support this in both skeletal muscle (16) (17) (18) (19) (20) and in subcutaneous adipose tissue (SAT) (21) (22) (23) . Furthermore, increased PPARGC1A methylation in skeletal muscle and SAT was found in human subjects exposed to an unfavorable intrauterine environment, that is, people with a low birth weight and increased risk of T2D (18, 21) , suggesting that the epigenetic profile of this gene may be sensitive to adverse influences during fetal life. Differences in DNA methylation in offspring exposed to intrauterine hyperglycemia compared with controls have previously been shown in both animal studies and in human studies of placenta, cord blood, and peripheral blood cells from newborns or young children of women with gestational diabetes mellitus (GDM) (24) (25) (26) (27) (28) (29) (30) (31) . However, human studies of adult subjects using major target tissues of glucose metabolism and insulin action are lacking. Thus the aim of this study was to evaluate gene expression and DNA methylation of PPARGC1A in skeletal muscle and SAT in a cohort of adult offspring exposed to intrauterine hyperglycemia caused by diet-treated maternal GDM and type 1 diabetes (T1D).
RESEARCH DESIGN AND METHODS

Study Design
This study is a second follow-up of a cohort of adult offspring of women with either GDM (O-GDM) or T1D in pregnancy (O-T1D) and a control group of offspring representing the background population (O-BP). Offspring from all singleton pregnancies complicated by either diettreated GDM or T1D during the period 1978-1985 in a university obstetrics department (Rigshospitalet, Copenhagen, Denmark) and an equal number of control subjects were invited for the first follow-up examination in [2005] [2006] [2007] [2008] . The control subjects were randomly selected from among the larger population of healthy women giving birth during the same period at the same hospital. Of 1,066 eligible offspring, 597 accepted the first follow-up invitation (56%) (1, 2, 32, 33) (Fig. 1 ). This second follow-up was designed in 2012, and all offspring participating in the first follow-up were invited again, giving 456 eligible offspring (Fig. 1) . It was possible to trace the adult offspring through the Danish Civil Registration System (34) . Baseline information regarding the health status of the mother during pregnancy and of the offspring during the perinatal period was accessible from the original maternal medical records.
The study was performed in accordance with the Declaration of Helsinki and approved by the regional ethical committee. All participants provided written consent before inclusion.
Offspring Exclusion Criteria
Offspring diagnosed with T1D, maturity-onset diabetes of the young, or other severe chronic diseases or who were pregnant were excluded from participation.
Maternal Selection Criteria and Diabetes During Pregnancy in [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] Screening for GDM in Denmark has traditionally been based on risk factors (35) (36) (37) . During the period 1978-1985, the following risk factors were used: $20% overweight before pregnancy, family history of diabetes, previous GDM, previous delivery of a child weighing $4,500 g, and/or glucosuria (35, 38) . Women with one or more risk indicators and two consecutive fasting capillary blood glucose (BG) measurements $4.1 mmol were offered a 3-h, 50-g oral glucose tolerance test (OGTT). The OGTT was defined as abnormal if more than two of seven values during the test exceeded the mean +3 SDs for a reference group of normal-weight, nonpregnant women without a family history of diabetes (37, 39) . Only offspring of mothers with diet-treated GDM were included, whereas mothers with insulin-treated GDM were excluded from participation to minimize the risk of misclassification (e.g., undiagnosed T2D, early stage T1D, and maturity-onset diabetes of the young).
As previously published (1, 2, 32, 33) , women with T1D were selected according to the following criteria: onset of diabetes at age #40 years, a classical history of hyperglycemic symptoms before disease diagnosis, and insulin treatment started #6 months after diagnosis. Routine care in Denmark in 1978-1985 (baseline) for pregnant women with T1D included hospitalization for 3 days in both the first and third trimesters, among other things, for the purpose of measuring seven-point BG profiles, as self-monitored BG and HbA 1c were not used routinely at that time. Average maternal BG in the first and third trimesters was calculated from the seven-point profiles over these 3 days.
Mothers of O-BP were from the local community and were routinely referred for antenatal care and delivery in the same hospital. Because GDM screening was based on risk factors during the index period, BG was not measured in mothers representing the background population.
Clinical Examination of Offspring at Follow-up
Tissue Samples
After an overnight fast, biopsies were obtained through a small skin incision first from the abdominal SAT and then the vastus lateralis muscle under local anesthesia using a Bergström needle. The tissue was immediately frozen in liquid nitrogen and stored at 280°C until analyzed.
OGTT and Clinical Examination
After tissue sampling and while still fasting, the participants underwent a 75-g glucose 2-h OGTT with venous sampling at 30 and 120 min. Weight, height, and waist and hip circumferences were measured in duplicate. Body composition was assessed by a DEXA whole-body scanner (Lunar Prodigy Advance; GE Medical Systems, Fairfield, CT). After 10 min of rest, blood pressure was measured in the left upper arm in the supine position. Mean systolic and diastolic blood pressures were calculated after three repetitive measurements.
From around 1 April until 24 June 2013, some participants (a maximum of 32) accidentally received 76.4 g glucose during their OGTT, instead of the 75 g specified by the protocol; this equates to a glucose amount 1.8% in excess of the protocol. We performed independent samples t tests to compare mean glucose values for all participants examined during this period and those examined before and after this period, both in total and divided into offspring groups. The results showed no significant differences in glucose values within the period compared with outside the period.
Venous Blood Samples
Plasma lipid profile (HDL, LDL, total cholesterol, triglycerides), hs-CRP, and HbA 1c were measured in a fasted state. Glucose, insulin, and C-peptide were measured during OGTT (fasting, 30 and 120 min). All samples were analyzed using standard laboratory methods on a Cobas 8000 (Roche Diagnostics International Ltd, Rotkreuz, Switzerland), except HbA 1c , which was measured on an Afinion system (Axis-Shield PoC AS, Oslo, Norway).
Gene Expression
Total RNA was extracted using a miRNeasy Mini kit (Qiagen). cDNA was synthesized with a QuantiTect reverse transcription kit (Qiagen). mRNA expression of PPARGC1A and the reference gene cyclophilin A (PPIA) was measured by quantitative real-time PCR (q-PCR) using a LightCycler 480 Real-Time PCR system (Roche Applied Science) and Flowchart of subjects participating in the study including both the first and second rounds of follow-up. Reasons for offspring lost to follow-up at first examination have been previously published (2) . Offspring were lost to follow-up between the first and second rounds of follow-up examination because they declined the possibility of future invitations at the first follow-up (7.6% [19 of predesigned assays for PPARGC1A (Hs00174877_m1*, labeled with FAM) and PPIA (43263116E, labeled with VIC) (both Life Technologies).
DNA Methylation
Genomic DNA was extracted from muscle biopsies using a DNeasy Blood & Tissue kit, and from SAT biopsies using a QIAamp DNA Mini kit (Qiagen). Bisulfite conversion was performed using 400 ng DNA (SAT) and 500 ng DNA (muscle) using an Epitect Bisulfite kit (Qiagen).
To study PPARGC1A DNA methylation in skeletal muscle tissue and SAT, we selected the CpG sites 2841, 2816, and 2783 bp upstream transcription start sites based on the literature in the field focusing on studies performed in metabolically important tissues. We considered CpG sites included in our own previous studies of adults with a low birth weight (18, 21) as being the most important in this selection, since these are suggested to be affected by an adverse fetal environment. Furthermore, the methylation percentage of these sites has been shown to be negatively associated with gene expression (16, 18, 40) . Methylation percentage was measured using pyrosequencing (PyroMark Q96ID; Qiagen) with PyroMark Gold Q96 reagents. PCR and sequencing primers were designed using PyroMark Assay Design 2.0 (Supplementary Table 1) , and pyrosequencing data were analyzed with the PyroMark Q96 software (version 2.5.8; Qiagen).
Outcome Variables
Gene expression and DNA methylation of PPARGC1A in skeletal muscle and SAT were primary outcomes. Secondary outcomes were clinical characteristics: glucose tolerance status (evaluated according to World Health Organization criteria [41] ), insulin resistance represented by HOMA-IR (HOMA of insulin resistance [ (42, 43) , BMI (kilograms per square meter), and total body fat percentage (total BF%) measured by the DEXA scanner.
Exposure Variables
Diet-treated maternal GDM and T1D were the primary exposure variables and used as surrogate measures of different intrauterine exposures. Maternal BG during pregnancy (fasting and BG at 120 min during the OGTT in mothers with GDM and mean BG in the first and third trimesters in mothers with T1D), as well as maternal BMI before pregnancy, were used in correlation analyses.
Analyses and Statistics
Normally distributed continuous data are presented as the mean (6SD), whereas nonparametric data are given as the median (25th-75th percentiles) or the geometric mean and 95% confidence intervals. Differences between groups (O-GDM vs. O-BP and O-T1D vs. O-BP) were analyzed with the independent Student t test, Wilcoxon rank score test, Mann-Whitney U test, or x 2 test when appropriate. Correlation analyses were performed using the Pearson correlation test for parametric data and the Spearman rank correlation test for nonparametric data. All tests were two-tailed at a significance level of 0.05. Data were processed using SPSS version 18 (SPSS Inc., Chicago, IL) and SAS 9.3 (SAS Institute Inc., Cary, NC).
RESULTS
Characteristics of the Study Population
In total, 206 offspring aged 25-36 years were included at the second follow-up (O-GDM: n = 82; O-T1D: n = 67; and O-BP: n = 57) (Fig. 1) .
Baseline Data
Baseline data for mothers and offspring are given in Table  1 . Significant differences between the mothers of O-GDM and O-BP were found for the following covariates: age, mean BMI before pregnancy, and the percentage of overweight mothers. No differences in maternal data were found between mothers with T1D and mothers from the background population. Offspring of women with both types of diabetes were born at an earlier gestational age, and in O-T1D, a significantly larger proportion of babies were large for their gestational age. Table 2) .
No significant differences were found between either of the two groups exposed to intrauterine hyperglycemia (O-GDM and O-T1D) and O-BP with regard to anthropometric measurements including BMI, number of subjects diagnosed with prediabetes or T2D, lipid profile (triglycerides, HDL, LDL, total cholesterol) and hs-CRP, and total BF% ( Table 2) . Parameters of insulin function and different measurements of body composition did neither differ between the exposed groups and the control group (Supplementary Table 2 ).
Reasons for subjects being lost to follow-up in the second examination are given in Fig. 1 , and differences in the basic characteristics between participants and nonparticipants are given in Supplementary Table 3 .
PPARGC1A Gene Expression
In skeletal muscle, PPARGC1A gene expression was approximately 40% lower in O-GDM compared with O-BP, whereas O-T1D showed expression levels similar to those of O-BP ( Fig. 2A) . In SAT, no differences in PPARGC1A gene expression were found between O-GDM and O-BP or between O-T1D and O-BP (Fig. 2B) .
DNA Methylation
No differences of mean or site-specific PPARGC1A DNA methylation percentage were found either in skeletal muscle or in SAT between the groups exposed to intrauterine hyperglycemia and O-BP (Fig. 3) .
Associations Between PPARGC1A Gene Expression and DNA Methylation and Clinical Variables Related to Pregnancy or the Adult Offspring
Skeletal Muscle
No association between PPARGC1A expression and DNA methylation percentage was found for any of the offspring groups. PPARGC1A muscle gene expression was not associated with maternal BG values during pregnancy for women with GDM or T1D, nor was it associated with pregestational maternal BMI.
Significant negative associations were found between PPARGC1A gene expression and HOMA-IR in O-GDM and between PPARGC1A gene expression and total BF% in O-BP. No associations were found in O-T1D.
No associations were found between DNA methylation percentage in the adult offspring and the maternal pregnancy variables, nor between DNA methylation percentage and the metabolic adult offspring variables, apart from an inverse association between DNA methylation and total BF% in O-T1D.
Subcutaneous Adipose Tissue
A significant negative association was found between PPARGC1A gene expression and DNA methylation in O-GDM (Fig. 4A and Table 3 ). Significant negative associations were found between PPARGC1A gene expression and adult total BF% in all offspring groups. Negative associations were found between PPARGC1A gene expression and HOMA-IR in all offspring groups, though they were nonsignificant in O-GDM (Fig. 4B-D and Table 3 ), but in O-GDM a significant association was found between PPARGC1A gene expression and adult offspring BMI.
Mean PPARGC1A DNA methylation was not associated with maternal BG values during pregnancy for women with GDM or with T1D, but a positive significant association was found with maternal BMI before gestation in O-BP. Mean PPARGC1A DNA methylation was significantly associated with the following variables in the adult offspring: BMI (both O-GDM and O-T1D) and HOMA-IR (O-GDM).
DISCUSSION Principal Findings
We found decreased expression of the PPARGC1A gene in skeletal muscle in a unique cohort of adult offspring of women with GDM; furthermore, we found that muscle PPARGC1A expression correlated negatively with in vivo insulin action in the O-GDM group. The decreased PPARGC1A gene expression was not explained by increased DNA methylation of the PPARGC1A promotor region, and the unaltered muscle PPARGC1A gene expression in O-T1D indicated that factors other than intrauterine hyperglycemia may explain the finding in the O-GDM group. Although PPARGC1A gene expression in SAT correlated negatively with insulin resistance in all groups, gene expression and DNA methylation of PPARGC1A in SAT did not differ between offspring of women with diabetes and controls.
Adult offspring exposed to maternal diabetes during pregnancy presented higher plasma concentrations of glucose during OGTT compared with controls, and O-GDM had higher diastolic blood pressure. The clinical results are in accordance with previous findings of dysmetabolism in the same cohort (1,2).
PPARGC1A Gene Expression in Muscle
Since the initial discoveries from the first generation of expression array studies of reduced PPARGC1A expression in muscle from patients with T2D (16, 20) , several studies have supported decreased PPARGC1A gene expression and Table 1 -Baseline data of mothers and offspring (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) 
Maternal data (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) Age increased PPARGC1A DNA promotor methylation percentages in skeletal muscle to be implicated in the development of T2D and prediabetic conditions (15, 16, 18) . We found significantly decreased gene expression of PPARGC1A in skeletal muscle from dysmetabolic O-GDM with a known, markedly increased risk of developing T2D. Furthermore, our finding of an inverse association between HOMA-IR and muscle PPARGC1A expression among O-GDM is in accordance with a putative role of impaired PPARGC1A expression in the development of insulin resistance in these individuals. Among more central genes regulated by PPARGC1A in skeletal muscle are genes involved in oxidative phosphorylation (OXPHOS genes) (20, 44) . Thus, a consequence of decreased PPARGC1A expression in skeletal muscle could be decreased mitochondrial biogenesis and lower expression of OXPHOS genes, resulting in a decreased capacity for oxidative phosphorylation and decreased muscle fat oxidation, increasing the risk of developing T2D. The severity of intrauterine hyperglycemia was most likely different in O-GDM versus O-T1D, as only women with mild GDM (treated with diet) were included in the study, in contrast to women with overt T1D. This assumption is further supported by the markedly higher rate of infants among O-T1D who were large for their gestational age. This stronger exposure was not reflected in the results, however, as a significant difference in PPARGC1A expression in skeletal muscle was found in O-GDM only, and not in O-T1D, leading us to propose that other mechanisms than solely intrauterine exposure to hyperglycemia may be involved in the decreased expression of PPARGC1A in (45) . Other mechanistic implications behind the increased risk of dysmetabolism in O-T1D could be abnormalities in adipokine or incretin function, or even periconceptional effects since hyperglycemia was present also at conception in this offspring group.
PPARGC1A Gene Expression in SAT
Others have reported altered PPARGC1A gene expression in SAT among insulin-resistant subjects, suggesting that PPARGC1A in adipose tissue could also be of importance in the development of insulin resistance and T2D (22) . Similar levels of PPARGC1A expression in SAT were found between the exposed groups and O-BP. Therefore it does not seem likely that the increased risk of developing dysmetabolism (2) in offspring exposed to intrauterine hyperglycemia is mediated by pathways involving PPARGC1A expression in SAT. Despite similar PPARGC1A expression levels in SAT among the three groups with different dysmetabolic traits, including insulin resistance (33), we found negative associations between PPARGC1A expression in SAT and HOMA-IR for all three offspring groups. This suggests that PPARGC1A may, to some extent, be involved in the development of insulin resistance in SAT, most likely mediated by obesity. In support, others reported decreased PPARGC1A expression with increasing body and visceral fat mass and impaired glucose metabolism (23) . In SAT, we found a positive association between PPARGC1A DNA methylation percentage and maternal BMI before pregnancy among O-GDM and O-BP, which supports the importance of maternal overweight.
DNA Methylation
No differences in the DNA methylation percentage of the PPARGC1A promoter region were found in either muscle or SAT between the exposed offspring and O-BP. This is in contrast to the study by Gemma et al. (46) , who showed that maternal BMI was positively associated with umbilical cord PPARGC1A DNA methylation percentage of CpG sites (2615, 2519, 2513). It is generally understood that increased DNA methylation in the promoter region of a gene prevents the binding of transcription factors and thereby interferes with transcription, resulting in decreased expression. Barrès et al. (15) found inverse correlations between DNA methylation versus mRNA expression level of PPARGC1A in patients with T2D. They proposed that PPARGC1A hypermethylation occurs as a consequence of a deleterious metabolic milieu rather than inherited factors. Methylation percentage at the PPARGC1A promoter has also been shown increased in pancreatic islets from patients with T2D at CpG sites within the same region examined in this study (40) .
However, we did not observe correlations between PPARGC1A methylation and gene expression in muscle, and it is unlikely that the observed methylation percentage alone may explain the quantitatively significant 40% decreased muscle PPARGC1A gene expression in O-GDM. This suggests that methylation at the sites investigated may not play any major role in the development of metabolic disease among offspring of women with diabetes. Other epigenetic mechanisms could be involved, including nuclear regulative factors, histone modifications, and methylation at other CpG or non-CpG sites in the PPARGC1A promoter. Furthermore, in a previous study of relatives of patients with T2D we observed positive associations between PPARGC1A promoter DNA methylation and wholebody insulin sensitivity, showing that this mechanism was unlikely to play a role in the development of insulin resistance in first-degree relatives (19) . It is possible that individuals from diverse diabetes risk groups-that is, subjects with a low birth weight or those with different degrees of disease development-may exhibit dissimilar associations between PPARGC1A methylation and expression. In this study we did find a positive association between PPARGC1A promoter methylation and HOMA-IR in only the O-GDM subgroup. However, given that this was not found in all three subgroups, we cannot exclude this as an incidental finding.
We did not observe differences at mean DNA methylation percentages between exposed offspring and controls, but we found a positive correlation between DNA methylation in SAT and BMI in both exposed groups, which was not present in O-BP. This is in accordance with other studies reporting associations between BMI and genome-wide DNA methylation in both blood and adipose tissue (21, 47) . However, we cannot exclude this finding as incidental because of the many explorative subgroup analyses.
Impact of Intrauterine Exposure to Maternal Hyperglycemia
Possible pathogenesis in offspring exposed to intrauterine hyperglycemia could involve hyperplasia and hypertrophy of fetal b-cells, resulting in hyperinsulinemia and increased growth of adipose tissues, muscle, and liver, generating, for example, macrosomia and neuroendocrine malprogramming of hypothalamic regions followed by short-and longterm health implications (48) .
Mechanisms other than epigenetic alterations founded during fetal life may influence the regulation of PPARGC1A expression. Women with GDM have an increased risk for T2D later in life, and a high association with common genetic variants of T2D has been shown (49) . A proportion of these variants are transmitted to their offspring, contributing to the prediabetic abnormalities. A shared postnatal environment is often used as another argument for shared traits related to T2D between family members, and we acknowledge that socioeconomic factors most likely play a role, too.
Before the blastocyst forms, genome-wide DNA methylation drastically changes from a hypermethylated state to almost 0% methylation. Thereafter, DNA methylation increases in a tissue-specific manner during the remainder of the pregnancy (50). These highly dynamic changes could be affected by an adverse hyperglycemic intrauterine environment, generating oxidative stress, which in turn may contribute to DNA damage and thereby affect epigenetic patterns in the fetal cells. However, the molecular mechanisms possibly driving this are still unknown. It is possible that metabolically important genes other than PPARGC1A may be epigenetically affected through fetal exposure to maternal hyperglycemia, as previously reported at birth (27, 29, 31) . Future exploratory genomewide methylation studies could be of great importance.
Strengths and Weaknesses of the Study Design
This is the first human study to evaluate the detailed effect of exposure to intrauterine hyperglycemia on the levels of gene expression and DNA methylation of PPARGC1A in two primary metabolic important tissues. Exposure status to intrauterine hyperglycemia is documented by detailed objective information from maternal hospital files. Although BG in healthy women without risk factors for GDM was not measured, it is likely that the vast majority of mothers of O-BP had normal glucose tolerance since the prevalence of GDM previously was only 1-2% (39) . Thus this limitation pushes toward an underestimation of our findings. Unfortunately, HbA 1c was not introduced to clinical practice during the baseline period (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) . Therefore we used less accurate surrogate measures of glycemia during pregnancy (diagnostic OGTT and in-hospital, 3-day, seven-point profiles). These measures are not suitable to compare levels of glycemia between pregnancies of women with T1D and GDM, but they enable us, to some extent, to evaluate the effect of different glycemic levels within the two types of pregnancy and to evaluate the association between maternal glucose measures and offspring outcomes.
The original study design included all offspring born to women with diabetes during pregnancy in a large hospital setting, and the unique civil registration system in Denmark made it possible to trace the offspring without involving the mother, minimizing the risk of selection bias. However, we are aware that a selection process has taken place between the two rounds of follow-up, as some subjects already diagnosed with prediabetes, T2D, or metabolic syndrome in the first follow-up declined to participate again-in other words, the healthiest subjects agreed to participate in the second follow-up study (Supplementary Table 3 ). We did not have access to solid data on offspring socioeconomic status and lifestyle. Adjustment for sex and birth weight in our previous studies of the cohort did not change estimates for offspring risk of dysmetabolism (1, 2, 32, 33) , and these covariates were therefore not included in this study. Our study supports the need for a continued struggle to optimize conditions for pregnant women with hyperglycemia with respect to glycemic control, diagnosis of GDM, maternal weight control, medical treatment, nutrition, and lifestyle, among other factors.
Conclusion
Adult offspring exposed to intrauterine hyperglycemia exhibit mildly elevated glucose concentrations, and adult offspring of women with GDM have reduced gene expression of PPARGC1A in skeletal muscle. This was not the case for offspring of women with T1D, indicating that intrauterine hyperglycemia does not seem to be involved in altered gene expression and DNA methylation of PPARGC1A. Further studies of the role of nonglycemic factors, including obesity, hypertension, and lifestyle, during pregnancy are needed to understand the developmental programming of T2D mediated by altered PPARGC1A expression in skeletal muscle.
